Abstract: A scheme was proposed to achieve wide-field vibrational sum-frequency generation (SFG) microscopy with subdiffraction-limited resolution in one dimension. In this approach, samples are illuminated with a structured visible field and a uniform IR field to induce vibrational sum-frequency generation. With five raw images acquired at five different phases of the visible stripe pattern, a super-resolved vibrational SFG (SR-SFG) image with the resolution triple to that of the original can be reconstructed. Theoretical framework describing the coherent image formation and reconstruction scheme for the SR-SFG imaging system was derived and carried out with numerical simulations to investigate its imaging performance. With a typical imaging system, the lateral resolution was improved from 390 nm of the conventional SFG imaging system, to around 130 nm of the SR-SFG imaging system.
A Method For Achieving Super Resolution
Vibrational Sum-Frequency Generation Microscopy By Structured Illumination
Introduction
Vibrational spectroscopy has played an important role in studying the structures of molecules. Both Infrared (IR) absorption and Raman sfcattering microscopies are capable of extracting molecular vibrational spectra without labeling or physiological damage to the targets. The resolution of an imaging microscopy is determined by the diffraction limit so that spontaneous Raman, stimulated Raman, and coherent anti-Stokes Raman spectroscopies can obtain the vibrational image of a single cell with sub-micrometer resolution [1] , [2] . On the other hand, due to the longer wavelength (3-20 μm) of IR light, it is difficult to resolve cellular structure in a single cell by means of a conventional IR microscopy [3] . For this reason, the resolution of IR microscopy has been a bottleneck restricting its development. In order to overcome this obstacle, several approaches to far-field super-resolution in IR microscopy have been proposed. One of them is vibrational-depletion IR (VD-IR) microscopy [4] , [5] , inspired by the stimulated emission depletion (STED) microscopy [6] . The scheme for VD-IR involves a vortex-shaped IR pump pulse and a Gaussian IR probe pulse both tuned to the wavelength of a vibrational mode. The competition between stimulated absorption and emission processes prevents the population of the excited state from exceeding that of the ground state. So the intensive pump pulse can lead to vibrational saturation of the sample in the vortex region. After a certain delay shorter than the lifetime of the vibrational exited state, the Gaussian probe pulse is focused on the sample, and absorbed only by the molecules in the center region of the vortex pattern. The simulations of this method reveal a spatial resolution better than λ /10 for incident energies higher than about a decade of the saturation threshold for the CH 2 stretch in alkanes. The disadvantage of VD-IR is the need of high intensity pump pulse to achieve the depletion and precise arrival-time control of the pump and probe pulses at the sample. Another approach of IR super-resolution microscope is based on vibrational sum-frequency generation (VSFG) [7] . Fig. 1 is the schematic diagram of the energy levels and excitation/signal beams involved in the VSFG interaction. VSFG is a nonlinear optical process in which a visible field ω vi s and an IR field ω I R illuminate the molecule simultaneously. If the frequency of the IR beam ω I R is equal to the resonant frequency ( ) of a vibrational mode of the target molecule, the VSFG signal (ω SF G ) is highly enhanced. If ω I R = , no VSFG signal is detected. This indicates that the generation of the VSFG signal is caused by the absorption of the IR light. Therefore, the IR spectrum of the sample can be obtained by scanning the IR wavelength and monitoring the intensity of the VSFG signal. Because the VSFG signal has a wavelength in the visible light, the imaging resolution is about ten times smaller than that of a traditional IR microscopy.
As a second-order process based on IR absorption, SFG is forbidden in a bulk with inversion symmetry in the electric-dipole approximation, and therefore is highly surface specific. For the same reason, the IR resonances probed by SFG must be both IR and Raman active [8] , [9] . It means that the SFG method can sensitively detect only molecules located on the interface or surface with broken symmetry. So this technique allows us to study the orientation and dynamics of chemical compounds on the surface/interface with a resolution exceeding the diffraction limit of IR light and no background from bulk water, glass substrate, and so on [10] .
In this paper, we propose a super-resolved IR spectroscopy scheme called wide-field super resolution vibrational sum-frequency generation (SR-SFG) microscopy which is based on SFG and structured illumination (SI) methods with a wide field geometry. The basic concept of SIM is to illuminate samples with structured light pattern to encode undetectable high frequency information into detectable smaller frequency of moiré fringe. Using spatially structured illumination in a widefield fluorescence microscope can achieve a resolution that exceeds the diffraction limit by a factor of two [11] . According to this idea, we use a structured visible light and a uniform IR beam for SR-SFG. The structured illumination pattern is formed by interference of three orders diffraction light, 0 and ±1st, from an optical grating or a spatial light modulator. By changing the phase of the incident visible beams, five individual intensity images of SFG signal can be obtained to reconstruct a SR-SFG image. SFG is a coherent process that is different from the fluorescence generation. Since in SR-SFG, the illumination and detection are both spatially coherent, the framework of coherent SIM [12] , [13] , which is an essential extension from the conventional incoherent SIM [14] , should be used to reconstruct the SR-SFG image. The theory of coherent SIM has been used in wide field super resolution CARS microscopy based on structured illumination in one [15] and two [16] dimensions. For simplicity, we only consider a one dimensional structured illumination for the visible field in this proposed SR-SFG scheme. It means the resolution will be improved only in the direction perpendicular to the structured line pattern. But it should be noted that there is no fundamental obstacles when this approach is extended to two dimensions. In original structured illumination microscopy, there are two ways to improve the resolution in 2D, by repeating similar procedure several times with the same structured illumination pattern but in different orientations [11] , or by using a two dimensional structured illumination pattern directly [16] , [17] . However, the calculation for 2D will be more complex because more raw images are needed and more equations should be solved. Actually, either of the above two methods will work for the approach proposed here.
Proposed Scheme and Theoretical Framework
A schematic diagram of a wide-field SFG microscopy with structured illumination is shown in Fig. 2 . For simplicity, the IR field is assumed to be a plane wave propagating along -z axis, with unity amplitude E I R (x, y) = 1 on the sample plane at z=0. The structured visible field is formed by three diffraction beams propagating in the xz plane at z=0, and can be expressed as
where ±ϕ are the phases of the ±1st order diffracted fields respectively, k vi sx = k vi s si nα is the x component of the wave number of the visible field k vi s . k vi s depends on the refraction index of the immersion medium used between the first objective (objective 1) and the sample, n, the wavelength of the visible field, λ vi s , and the half aperture angle of objective 1, α, i.e., k vi s = 2πn/λ vi s . A coherent illumination/detection system is a linearly unchanged system of the complex amplitude. The intensity distribution at the image plane of an in-focus thin object generated by coherent light is
where F[g(x)] denotes the Fourier transform of the function g(x), F −1 [g(f x )] denotes the inverse Fourier transform of the function g(f x ), CTF(f x ) is the coherent transfer function (CTF) defined by the pupil function of the system, and E O b j (x) is the object's response function to the illumination field. The cutoff-frequency of the system is f c = NA 2 /λ SF G , where λ SF G is the wavelength of the SFG signal, and NA 2 is the numerical aperture of the second objective (objective 2). E O b j (x) is proportional to the SFG polarization induced by the visible field, E vi s (x), and the IR field, E I R (x) [18] , i.e., where χ (2) is the effective second-order susceptibility of the target transition in the species of interest, which is a constant, Obj(x) is the spatial density distribution of target molecules along x axis. Take the Fourier transform of (3), we can get
where Obj(f x ) is the Fourier transform of Obj(x). Equation (4) clearly shows that three spatial distributions of target molecules across the sample, with frequency shifts, 0 and ∓k vi sx /2π in the f x direction, contribute to the image. They are denoted as Obj i , (i = 1, 2, 3), in Fig. 3(a) respectively. Substituting (4) into (2), we obtain the intensity distribution of the SFG signal on the detector, i.e.,
where Fig. 3(a) . It is clear that some high frequency information of the sample, which is undetectable in conventional wide field SFG microscopy, is now shifted into the detectable CTF. To solve the five coefficients, five SFG signal intensity images at five appropriate phases of the standing wave, ϕ i , (i = 1, 2, 3, 4, 5), are necessary. Although the coefficients A-E contain the high frequency information of the sample beyond the CTF of the imaging system, it is difficult to directly isolate the three parts of the frequency information of the sample from A-E. So we cannot reconstruct the super resolved image just by frequency shifting and inverse Fourier transforming as the fluorescence SIM does.
Therefore, firstly, we assume there is an ideal super-resolved SFG image with a system illuminated by unstructured visible and IR fields but with an extended CTF, which is not exist in reality. The extended CTF, denoted by CTF', is calculated with Fig. 3(b) respectively. Now the ideal super-resolved SFG image, I i deal , under this extended CTF can be derived according to (2) , i.e.,
where E O b j (x) is the SFG signal field that radiated from the sample with the uniform visible and IR illumination,
. So (6) can be rewritten as
where
are the overlapped areas of Obj with CTF 1 , CTF 2 , and CTF 3 respectively, as shown in Fig. 3(b) . To obtain the ideal super-resolved SFG image, we should solve the unknown parts in (7) . Fortunately, by applying the convolution and the shift theorem of the Fourier transform and comparing (7) with (5), we can calculate the unknown parts which can be expressed by the combination of the coefficients A-E and spatial frequency shift k vi sx /2π that we have already known before, i.e.,
It means, the SR-SFG image can be reconstructed from five detected SFG signal intensity images under structured illumination with five different phases. The increased resolution depends on the frequency shift k vi sx /2π.
Simulation and Discussion
In the following numerical simulations, the wavelength of the IR field, visible field and SFG signal field are λ I R = 3284 nm, corresponding to the aromatic CH stretching vibration, λ vi s = 610 nm, and λ SF G = 515 nm. Numerical aperture of objective 1 and objective 2 are N A 1 = 1.4 (oil, n=1.5) and NA 2 = 0.6 respectively. Under these conditions, we can obtain the maximum resolution increase with the maximum frequency shift k vi sx /2π = 2f c , where f c = N A 2 /λ SF G is the cutoff-frequency of the CTF for objective 2.
In order to demonstrate the resolution improvement ability of SR-SFG, numerical simulations in one dimension of the CTF, the point spread function (PSF), and the modulation transfer function (MTF) of the proposed SR-SFG and the conventional SFG imaging systems are performed and compared, as shown in Fig. 4 . The CTF has constant amplitude within the cutoff-frequency, and the pass-band width of the SR-SFG system in the frequency space is triple that of the conventional one (Fig. 4(a) ). Fig. 4(b) shows the full-width half maximum (FWHM) of the PSF for the conventional SFG and the SR-SFG systems are 390 nm and 130 nm respectively. Fig. 4(c) is the simulation of the MTF, which is a quantitative characterization of the resolution and performance of an imaging system. The modulation here is defined as M = (I max − I min )/(I max + I min ), where I max and I min are the maximum and minimum intensities displayed by a repeating structure. The MTF of the system can be described as MTF=Image Modulation/Object Modulation. The x-axis represents the spatial frequency in denomination of line pairs per micrometer (lp/μm). When the spatial frequency is below 1.1 lp/μm, (M TF ) SF G = (M TF ) SR −SF G ≈ 1, the periodic structure can be clearly resolved in both conventional SFG and SR-SFG imaging systems. However, after that point, the MTF of the conventional SFG imaging system decreases rapidly as the spatial frequency increases, and then drops to 0 at 1.28 lp/μm. As for that of SR-SFG imaging system, perceivable decline emerges at about 3.33 lp/μm and reaches to 0 when the spatial frequency approaches 3.85 lp/μm. When = 800 nm (spatial frequency is 1.25 lp/μm, Fig. 5(a) ), the two methods are both capable to resolve the periodic pattern, but the MTF of the SR-SFG imaging system is about 100% which is higher than that of the SFG imaging system which is about 40% (Fig. 4(c) ). This means the imaging quality of the SR-SFG imaging system is better than that of the conventional one. For the cases of = 600 nm (1.67 lp/μm, Fig. 5(b) ) and = 280 nm (3.67 lp/μm, Fig. 5(c) ), the images of the conventional SFG are distorted, (M TF ) SF G = 0, while SR-SFG can still resolve the structure accurately. With the increasing of the spatial frequency from 1.67 lp/μm to 3.67 lp/μm, the MTF decreases from 100% to 80%. When = 200 nm (5 lp/μm, Fig. 5(c) ), the SR-SFG also loses the ability to show the spatial information of the sample.
Conclusion
In summary, we proposed a theoretical framework to achieve wide-field super resolution vibrational sum-frequency generation microscopy based on IR absorption, SFG, and structured illumination methods. Three coherent visible beams interfere to form a laterally structured standing-wave field on the sample plane through the microscope objective 1 with an axially propagating IR beam delivered from the opposite side through the microscope objective 2. The SFG signal can be efficiently generated where the visible and IR fields are spatially overlapped, collected by the microscope objective 2 and then imaged on a CCD detector. Five individual raw images are typically taken with the visible illumination pattern at five phases to reconstruct the image with resolution improved in the direction perpendicular to the line pattern. Theoretical treatments and computer simulations show that a three times lateral resolution improvement can be achieved in our SR-SFG system proposed, compared to the conventional SFG with the same imaging system. For the typical test species, polystyrene, typical illumination wavelengths, and typical numerical aperture of objective 1 and 2, N A 1 = 1.4 and N A 2 = 0.6, the resolution limitation of the SR-SFG image is around 130 nm. As to the experimental scheme for the proposed SR-SFG microscopy, since SFG is a second order nonlinear process, the SFG signal intensity in the proposed SR-SFG scheme would be weaker than the fluorescence signal intensity in the fluorescence SIM. This limitation can be improved by increasing the peak power of the visible and the IR pulses, and/or by using a detector with higher sensitivity. The proposed scheme is expected to provide a new way to achieve IR spectroscopy imaging with a high resolution exceeding the diffraction limit of IR light. And actually, this resolution also breaks the diffraction limit of visible light. This SR-SFG can be used for understanding not only molecular vibrations, but also molecular orientations and distributions on the surface and interface in biology.
